Antioxidant activity, reaction mechanisms, and kinetics of Matricaria recutita crude extract (CE; total phenolics: 41 ± 2.5 mg/g, total flavonoids: 26 ± 1.4 mg/g, IC 50 : 82.3 ± 2.8 µg/mL and reducing power: 10.45 ± 0.56 mmol Fe 2+ /mass) in comparison to tert-Butylhydroquinone during oxidation of blended vegetable oil (sunflower, soybean, and palm oil) at 120, 130, and 140°C were studied. Good correlations existed between the Rancimat oil stability index and stability indices (induction period) calculated from peroxide value, conjugated diene value, and anisidine value with no significant differences in kinetic parameters calculated from them. The temperature acceleration (Q 10 ), activation energy (E a ), frequency factor (A), enthalpy (ΔH ++ ), entropy (ΔS ++ ), and free energy of activation (ΔG ++ ) for oils containing crude extract were lower than for oils containing tert-Butylhydroquinone (0.0025, 0.005, 0.01, and 0.02%). Values were independent of crude extract or tert-Butylhydroquinone concentration. For crude extract and tert-Butylhydroquinone, E a and A were well correlated with ΔH ++ and ΔS ++ values, respectively, but correlation between E a and Q 10 for crude extract compared to tert-Butylhydroquinone was poor. Furthermore, the rate of Monounsaturated:Polyunsaturated fatty acids formation did not differ significantly between crude extract and tert-Butylhydroquinone, but concentrations of them did affect Monounsaturated:Polyunsaturated ratio. Based on the results obtained, crude extract decreased the rate of the oxidation reaction due to the decrease in the concentration of the activated complex and reduction in the rate at which the activated complex dissociated into oxidation products.
INTRODUCTION
In order to prolong the storage life of vegetable oils, various synthetic antioxidants such as tert-Butylhydroquinone (TBHQ), butylated hydroxytoluene (BHT), and butylated hydroxyanisole (BHA) are currently used, but these substances have toxic and carcinogenic effects on the human health. [1] Therefore, the development of natural antioxidants has attracted considerable attention and is thought to be a preferable option. Crude extracts (CEs) of herbs and spices rich in phenolics are of increasing interest in the food industry because they retard oxidative degradation of lipids and improving the quality and nutritional value of food. [2, 3] Matricaria recutita, a member of Asteraceae family, is an endemic plant that is greatly distributed in Iran. Babooneh Shirazi is the Persian name of this plant which is used in traditional and herbal medicine (especially the dried flower heads of the plant) for its anti-inflammatory, antipeptic, sedative, antibacterial, and antifungal properties. [4, 5] A good understanding of the kinetics of Babooneh Shirazi extract as an antioxidant in vegetable oils would improve our ability to formulate food products that maintain their existing oil quality and minimize the appearance of undesirable breakdown products. Kinetic data are necessary for predicting oxidative stability of vegetable oils under varying heat processing, storage, and distribution conditions. [6] Therefore, the aim of this research was to study antioxidant activity, reaction mechanisms, and kinetics of Babooneh Shirazi extract as an antioxidant using the Arrhenius equation in commercial blended vegetable oil.
MATERIAL AND METHODS

Materials
The dried flower heads of M. recutita were obtained from a local market. Fully refined and deodorized blended vegetable oil (sunflower oil [50%], soybean oil [40%], and palm oil [20%]) with no additives was purchased from Nargess Oil Company, Shiraz, Iran ( Table 1 ). All chemical reagents were obtained from Merck (Darmstadt, Germany) and Sigma Chemical Company (Sigma-Aldrich GmbH, Sternheim, Germany).
Preparation of M. recutita Methanolic Extract
Babooneh Shirazi was ground into a fine powder in a mill (Mulinex Depose-Brevete S.G.C.G., France). Extraction of the powders was carried with methanol (1:20 w/v) by agitation in the dark at room temperature for 48 h. The extracted material was filtered and concentrated using rotary evaporator (Hahn Shin, Korea) at 45°C. The crude extract (CE) was then stored at -18°C until further use.
Total Phenolic Compounds
Total phenolic content of CE were determined using the FolinCiocalteu method. [7] Appropriately diluted sample (400 μL) was placed into a test tube. Diluted Folin-Ciocalteu's reagent (2000 μL) was added and mixed with vortex for 3 min. Sodium carbonate solution (1600 μL) was added and incubated in the dark at ambient temperature for 30 min. For preparation of the blank, distilled water (400 μL) was used instead of the sample. Absorbance of the samples was determined spectrophotometrically against the blank at 765 nm (UV/Visible Philips Cambridge, UK).
Total Flavonoids
Total flavonoids were determined using a colorimetric assay according to the methods described by Kim et al. [8] One milliliter of CE or a standard solution of quercetin (0-500 mg/L) was added to 4 mL of H 2 O. At zero time, 0.3 mL of 50 g/L NaNO 2 was added. After 5 min, 0.3 mL of AlCl 3 (100 g/L) was added. After 6 min, 2 mL of 1 mol/L NaOH was added then the mixture was diluted with 2.4 mL of H 2 O. Absorbance of the mixture was read at 510 nm against a water blank. Total flavonoids were expressed as milligrams of quercetin equivalent (mg/g).
2,2-diphenyl-1-picrylhydrazyl Assay
The antioxidant activity of CE was evaluated by monitoring their ability to quench the stable free radical DPPH using the method described by Choi et al. [9] with brief modifications. Various ethanol dilutions of CE (15, 45, 65, 85, 105, 125, 155 , and 185 [µg/mL]) were mixed with 1.0 mL of a 0.3 mM DPPH ethanol solution. Ethanol (1.0 mL) plus CE solution was used as a blank. Absorbance was determined at 517 nm after 30 min of reaction time at room temperature. The CE concentration providing 50% inhibition (IC 50 ) was calculated from the graph plotting inhibition percentage against CE concentration. BHT was used as a control and all tests were carried out in triplicate.
Ferric Reducing-Antioxidant Power (FRAP) Assay
The FRAP was determined using the method of Benzie and Strain. [10] Briefly, 900 mL FRAP reagent was mixed with 90 mL distilled water then warmed to 37°C in a water bath. The control reading of the reagent was determined at 595 nm. Subsequently, 30 mL of sample solution (100 mg in 10 mL of n-hexane) was added and absorbance was determined at 595 nm against the control solution. A standard curve was prepared using various concentrations (25 mL) . Samples were then held in a laboratory oven at 120, 130, and 140°C with air circulation in the dark. At each sampling time, samples were removed from storage, at random, and subjected to chemical analysis.
Determination of Fatty Acid by Gas Chromatography-Flame Ionization Detector
Fatty acid composition of oil samples was determined by gas chromatography (GC) and was reported in relative area percentages. Fatty acids were transesterified into their corresponding fatty acid methyl esters (FAMEs) by vigorous shaking of oil in hexane (0.3 g in 7 mL) with 2 mL of 7 M methanolic KOH at 50°C for 10 min. The FAMEs were determined using an HP-5890 chromatograph (Agilent, Palo Alto, CA, USA) equipped with a CP 88 (Varian 3400, USA) capillary column of fused silica (120 m in length × 0.25 mm in internal diameter, 0.25 µm film thickness) using a flame ionization detector (FID). Helium was used as the carrier gas at a flow rate of 0.8 mL/min. The oven temperature gradient was 5°C each 5 min from 160 to 200°C; temperatures of the injector and the detector were 210 and 300°C, respectively. [11] Heptadecanoic acid was added to the oils as an internal standard for quantification before esterification.
Rancimat Test
The OSI of each oil sample (3 g) was determined using a Rancimat instrument (Metrohm model 734, Switzerland) at temperatures of 120, 130, and 140°C and at an air flow rate of 15 L/h. [12] Measurement of Peroxide Value (PV), Conjugated Diene Value (CDV), and Anisidine Value (AnV) PV was measured by treating a of sample oil solution (5 ± 0.05 g) in 30 mL acetic acid-chloroform with 0.5 mL saturated potassium iodide solution then titrated with 0.1 N sodium thiosulphate. In order to determine AnV, the absorbance of a solution of sample oil (0.5 -4 ± 0.001 g) in 25 mL isooctane, treated with 1 mL p-anisidine reagent was read at 350 nm using solvent with using p-anisidine reagent as a blank in the reference cuvette. [13] CDV was measured spectrophotometrically (UV/Visible Philips Cambridge, UK) at 234 nm. The oil samples were diluted with hexane (HPLC grade). An extinction coefficient of 29,000 mol/L was utilized to quantify the concentration of conjugated dienes formed during oxidation. [14] Kinetic Data Analyses
Temperature coefficients (T C ,°C -1 ) were calculated from the slopes of the following linear regression equation:
where, T is temperature (°C), and a and b are the slope and intercept of the equation, respectively. Also, the Q 10 number, which indicates the increase in reaction rate due to a 10°C rise in temperature, was calculated using the equation derived from the Eq. (1):
The effect of temperature on the rates of oxidation was evaluated by means of the Arrhenius equation:
where, k (h -1 )is the reaction rate constant, R is the molar gas constant (8.3143 J/mol K), T is the absolute temperature (K), E a is the activation energy (kJ/mol), and A (h -1 ) is the pre-exponential factor. Enthalpies (ΔH ++ ) and entropies (ΔS ++ ) of activation were determined by regressing log k/ T versus the inverse of temperature (T, K) via the equation derived from the activated complex theory:
where, k B is the Boltzmann constant (1.380658 × 10 −23 J/K, the ratio between R and Avogadro's number, 6.022 × 10 23 mol -1 ) and h is Planck's constant (6.6260755 × 10 −34 Js). From the slopes and intercepts of the lines, the values of ΔH ++ and ΔS ++ were calculated. Finally, for a reaction at a given temperature, the free energy of activation (ΔG ++ ) can be written in terms of ΔH ++ and ΔS ++ by the equation: [15, 16] 
Statistical Analyses
The data were analyzed using one-way analysis of variance (ANOVA), and significant differences between groups were determined using the Duncan's multiple range test. All statistical analyses were performed using SPSS (SPSS 16.0 for Windows; SPSS Inc., Chicago, IL, USA). Differences were considered significant at p < 0.05.
RESULTS AND DISCUSSION
Extract Characterization
Growing interest in natural antioxidants as well as other beneficial compounds from bioresource materials has encouraged the study of additional herbs and spices. Therefore, phenolic compounds as molecules most closely associated with antioxidant properties of various plant extracts were part of our study. Our results showed that total phenolics content in the CE was 41 ± 2.5 mg/g. Phenolic compounds play a significant role in the food industry and in human health. They are considered to be primary or chain breaking antioxidants in free radical chain reactions, converting lipid radicals to more stable products, thus extending the shelf life of vegetable oils. [17] Results also showed total flavonoids content in the CE was 26 ± 1.4 mg/g. Flavonoids are plant secondary metabolites distributed in the plant kingdom. It has been demonstrated that flavonoid compounds in various aqueous extracts have very strong antioxidant and free radical scavenging activities. [18] Composition of herb extracts can differ according to climate, soil composition, plant organ, genetic modifications, age, vegetative cycle and storing conditions. [19] Antioxidant Activity of CE Assessed by DPPH and FRAP Method
The hydrogen atom or electron donating ability of some of the corresponding pure compounds were determined using the bleaching of a purple-colored methanol solution of DPPH. [20] In the present study, the free radical scavenging activity of CE was determined to be 82.3 ± 2.8 µg/mL, whereas IC 50 value of BHT was 18.9 ± 0.8µg/mL. In the DPPH assay, CE exhibited antioxidant activity which may be associated with phenolic and flavonoid contents.
FRAP test is a simple, reproducible and rapid procedure that measures the ability of antioxidative compounds to reduce Fe 3+ to Fe 2+ , as a measure of total antioxidant capacity. [21] In this study, reducing power of CE was 10.45 ± 0.56 mmol Fe 2+ /mass indicating that the reducing power of CE of metal ions may play a key role in its antioxidant activity. The CE demonstrated chelating effects on Fe 2+ , suggesting that it can sequester Fe ions or minimize the concentration of the metal in the Fenton reaction. Since ferrous ions are considered to be one of the most pro-oxidative molecules in food systems, higher chelating effects of the CE would be valuable. [22] Antioxidant Activity, Reaction Mechanisms, and Kinetics of CE in Blended Vegetable Oil
The physicochemical characteristics of blended vegetable oil are shown in Table 1 . Fatty acid composition is expressed as mg/100 g of oil and relative percentage of total fatty acids. Vegetable oil contained mainly linoleic (31.1%), followed by oleic (28.52%), palmitic (28.33%), stearic (6.92%), and linolenic (4.21%) acids, which, in total, constituted 99.08% of the fatty acids. The ratio of Monounsaturated:Polyunsaturated (MUFA:PUFA) as a measure of the tendency of vegetable oil to undergo autoxidation [23] was 0.808. The higher ratios indicate greater oxidative stability of vegetable oils. Oxidation level was low as shown by the initial PV, CDV, and AnV. PV and CDV measure hydroperoxide and conjugated diene products in oil, respectively. AnV measures the level of carbonyl compounds as secondary oxidation products.
The OSI and IP of the oil samples at 120-140°C are shown in Table 2 . Evolution of the primary and secondary oxidation compounds during the oxidation of blended oil at 120-140°C provided kinetic curves consisting of two characteristic phases: A low slope linear stage known as the initiation phase, followed by a second linear stage but higher in slope value known as the propagation phase. The induction periods were calculated at the intersection point of the two extrapolated parts of the exponential oxidation curves. Although the IP was lower than the OSI measured by the Rancimat test, a good correlation between IP and OSI was observed. Lacoste and Lagardere [24] reported similar results for evolution of some quality parameters during oil oxidation using the Rancimat test. A good correlation was found between IP and the Rancimat test for olive oils at 100-130°C. [25] Difference between IP and OSI may be explained by the fact that the Rancimat test measures the tertiary oxidation products for which their tangible formation takes All values are means of three determinations with coefficient of variations (CV = SD/mean×100) <6%; Means within a column with the same lowercase letters are not significantly different at P<0.05 and means within a row with the same uppercase letters are not significantly different at P<0.05;
*MUFA:PUFA = aT + b; a: slope (formation rate) and T: temperature (°C); **Antioxidant concentration (ppm).
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times longer than those required to form primary and secondary oxidation compounds during the kinetically step-by-step oxidation of lipid systems. [25] As can be seen in Table 2 , OSI and IP in all oil samples decreased significantly as temperature increased. Stability of oil samples containing CE or TBHQ was significantly higher than the control. Moreover, oil stability increased as the concentration of CE or TBHQ increased. The ratio of MUFA:PUFA varied from 0.856 to 1.343 during storage at 120, 130, and 140°C (Table 3) . With an increase in storage temperature, this ratio increases slowly due to the conversion of PUFA to MUFA. The ratios of both linoleic and linolenic to palmitic acids, are applicable indicators of the level of deterioration. Talpur et al. [26] reported a reduction in both ratios during heating and frying of canola oil. The decrease in unsaturation may be ascribed to the obliteration of double bonds by oxidation and subsequent polymerization. [27] In this study, the obtained MUFA: PUFA ratio in control samples was greater than that in oil samples supplemented with CE or TBHQ. Although the type of antioxidant had no significant effect on MUFA:PUFA ratio, antioxidant concentration did significantly affected it ( Fig. 1 ). Effect of CE or TBHQ concentrations on All values are means of three determinations with coefficient of variations (CV = SD/mean × 100) <6%; Means within a column with the same lowercase letters are not significantly different at p < 0.05. For the same temperatures, means within a row with the same uppercase letters are not significantly different at p < 0.05; PV: peroxide value (meq O2 per kg oil), CDV: conjugated diene value (mmol/L) and AnV: anisidine value; *Antioxidant concentration (ppm). The semi-logarithmic relationship between OSI or IP and temperature showed a linear dependency in all oil samples with a good correlation coefficient (R 2 ≥ 0.99; Table 4 ). The T C and Q 10 numbers, which show the degree of temperature effect on the oxidation rate of lipid systems, are considered to be the quantities representative of vegetable oils. [28] The T C calculated in terms of OSI, IP PV , IP CDV , and IP AnV ranged from -0.0223 to -0.0433°C -1 , from -0.0233 to -0.0387°C -1 , from -0.0223 to -0.0383 and from -0.0227 to -0.0387°C -1 , respectively. These Q 10 values ranged from 1.67 to 2.71, from 1.67 to 2.44, from 1.67 to 2.42, and from 1.67 to 2.44, respectively. Mancebo-Campos et al. [29] reported the Q 10 factor of virgin olive oil obtained from PV was 2.1. The Q 10 value of the control was significantly higher than those of samples containing CE or TBHQ. Therefore, the temperature dependence of lipid oxidation decreased among the blended oils in the presence of CE or TBHQ. The temperature dependence of lipid oxidation in the presence of CE was lower than that of TBHQ. In other words, CE was more active than TBHQ at high temperatures. Moreover, various concentrations of CE or TBHQ did not significantly affect temperature dependence of lipid oxidation. This indicates Q 10 and T C are independent of antioxidant concentration, but the type of antioxidant does affect them.
Employing E a , which is the least amount of energy that must be overcome in order for a chemical reaction to occur, is another way to state the dependence of the rate of lipid oxidation on temperature. [30] The E a of the oil sample oxidation varied significantly from 68.34 to 126.09 kJ/mol ( Table 5 ). Vaidya and Eun [31] reported that, based on PVand CDV, activation energies of walnut oil oxidation were 75.87 and 83.84 (kJ/mol), respectively. Results showed that with few exceptions, the same Arrhenius equation parameters calculated from OSI and IP for the oxidation of each blended oil sample were statistically similar. The activation energy of control samples was significantly higher than for oil samples containing CE or TBHQ. That for samples with TBHQ was significantly higher than that for oils with CE. Moreover, it can be observed the activation energies of blended oil samples containing various concentrations of CE (or TBHQ) did not differ significantly. A higher activation energy implies that a smaller temperature change is required to induce a certain change in the rate of oxidation. [32] In other words, the chemical reactions with high activation energies are temperature sensitive and reactions with low activation energies are temperature insensitive. Therefore, the reaction temperature change has a significant effect on the chemical reaction rates in temperature sensitive reactions. Since the addition of CE or TBHQ decreased the activation energy of blended oil oxidation, addition of CE or TBHQ to blended oil decreased the temperature dependency of the oxidation reaction. Oil samples supplemented with CE have a lower temperature dependency with regard to oxidation compared to samples with TBHQ because they have lower activation energy. Oils containing 0.02% TBHQ is more susceptible to oxidative degradation (E a OSI = 82.47 kJ/mol) at higher temperature than oils containing 0.02% CE (E a OSI = 68.84 kJ/mol). Although oil samples containing TBHQ showed good correlation coefficient between activation energy and Q 10 , blended oils containing CE demonstrated poor correlation between the two (Fig. 2) indicating that CE has a different mechanism and temperature dependency with respect to lipid oxidation compared to TBHQ and Q 10 affects activation energy differently. According to the Arrhenius equation, the frequency factor is considered to be the other most important kinetic parameter affecting the rate of the reaction. This factor showed a pattern similar to that of the activation energy for the blended oil samples; however, minor changes in activation energy values resulted in substantial changes in frequency factors (Fig. 2) . This indicates a higher contribution of the frequency factor than of activation energy in terms of the rate of lipid oxidation or the oxidative stability of the blended oils. [16, 33] The frequency factor for oxidation of the blended oil samples varied significantly over a wide range (from 0.22 × 10 9 h -1 to 0.22 × 10 17 h -1 ). The frequency factor of samples containing TBHQ was significantly higher than that of samples containing CE. The loss of rotational freedom in the transition state due to presence of CE or TBHQ can lead to low frequency 264 TABLE 4 Temperature coefficient (T factors. Moreover, concentration of free radicals in blended oils supplemented with CE was lower in comparison to oil samples with added TBHQ. Therefore, frequency factors of oils containing CE were lower than oils containing TBHQ. It can be concluded that the decrease of frequency factor in the presence of CE may be due to the combination of hydrogen donating ability of CE and the loss of rotational freedom in the transition state. The estimated ΔS ++ and ΔH ++ for lipid oxidation in all oil samples are summarized in Table 6 . The high correlation of determination (R 2 > 0.992) showed adequate fit and characterization of the temperature dependence of lipid oxidation using the activated complex theory. The ΔH ++ and ΔS ++ values calculated from OSI showed no obvious differences from those calculated using IP ranging from 64.99 to 122.74 kJ/mol and from -95.91 to 57.08 J/mol K, respectively. The positive sign of ΔH ++ shows the endothermic nature of the activated complex formation. Tan et al. [32] reported enthalpy was greater for highly unsaturated oils than for oils with lesser amounts of unsaturated fatty acids. In this study, enthalpy of oils containing CE was lower than that of oils containing TBHQ indicating that concentration of the activated complex in oil with CE was lower than in oil with TBHQ, so the rate of oxidation reaction was slower. The significantly greater negative entropy value for oils containing CE indicates fewer numbers of species in the activated complex state. [32] Consequently, the activated complex for lipid oxidation in oils containing CE is less probable and, therefore, the rate is slower. Cho [16] reported that the decrease in entropy of activated complex formation in the presence of antioxidants decreases the frequency factor. Figure 3 demonstrates very good linear relationships with high correlation coefficients between the E a and ΔH ++ and the A and ΔS ++ for the oxidation of blended oil samples. As mentioned above, frequency factor undergoes greater changes than activation energy during lipid oxidation in the presence of Means within a column with the same lowercase letters are not significantly different at p < 0.05. For the same parameters, means within a row with the same uppercase letters are not significantly different at p < 0.05; PV: peroxide value (meq O2 per kg oil), CDV: conjugated diene value (mmol/L) and AnV: anisidine value; *Antioxidant concentration (ppm).
antioxidants. Therefore, CE or TBHQ influenced entropy (or A) more than enthalpy (or E a ) in the reaction rates of blended oil. In other words, the ΔG ++ of the activated complexes formed during the oxidation of blended oil samples was affected more by entropy than by enthalpy. Figure 4 shows the oxidative stability of the blended oils as a function of ΔG ++ of the activated complexes formation at 120 to 140°C. Linear equations could well explain the relationship between OSI or IP and ΔG ++ as the oxidative stability of the blended oils rose constantly. The ΔG ++ increased as temperature increased because of the endothermic nature of the activated complex formation during oxidation of the blended oils and also reduced disordering of the reactants in the activated complexes. [34] Oils containing CE have higher ΔG ++ values than oils containing TBHQ, indicating slower oxidation reaction rates at a constant temperature. It can be concluded CE decreased the oxidation reaction rate due to the decrease in the activated complex concentration and reduction of the rate at which the activated complex dissociates into products.
CONCLUSION
The addition of CE to blended vegetable oil decreased the Q 10 number, activation energy, frequency factor, enthalpy, entropy, and free energy of activation to minimize the reaction rate of lipid oxidation. These values were independent of antioxidant concentration. Blended oils containing TBHQ showed higher temperature sensitivities than those containing CE, a fact that should be considered when using them in high temperature processes. Our results also indicate that MUFA: PUFA ratio depends on the antioxidant concentration, but is independent of antioxidant type.
